ABSTRACT. Antibodies are affinity proteins with a wide spectrum of applications in analytical and therapeutic biology. Proteins showing specific recognition for a chosen molecular target can be isolated and their encoding sequence identified in vitro from a large and diverse library by phage display selection. In this work, we show that this standard biochemical technique rapidly yields a collection of antibody protein binders for an inorganic target of major technological importance: crystalline metallic gold surfaces. 21 distinct anti-gold antibody proteins emerged from a large random library of antibodies and were sequenced. The systematic statistical analysis of all the protein sequences reveals a strong occurrence of arginine in anti-gold antibodies, which corroborates recent molecular dynamics predictions on the crucial role of arginine in protein/gold interactions. Once tethered to small gold nanoparticles using histidine tag chemistry, the selected antibodies could drive the self-assembly of the colloids onto the surface of single crystalline gold platelets as a first step towards programmable protein-driven construction of complex plasmonic architectures. Electrodynamic simulations based on the Green Dyadic Method suggest that the antibody-driven assembly demonstrated here could be exploited to significantly modify the plasmonic modal properties of the gold platelets. Our work shows that molecular biology tools can be used to design the interaction between fully folded proteins and inorganic surfaces with potential applications in the bottom-up construction of plasmonic hybrid nanomaterials.
Taking advantage of the interaction specificity and engineering versatility of biomolecules holds promises towards the design of hybrid self-assembled materials by combining biomolecules and non-biological solid state nano-objects 1 . For instance DNA has been used to selfassemble nano-particles into three-dimensional (3D) crystals 2, 3 . Proteins and peptides represent an alternative strategy offering a much wider chemical (20 amino-acids vs 4 nucleotides) and structural (viral capsids, microtubules, S-layers, …) repertoire. However, this strategy requires a deeper understanding of interactions between proteins and non-biological solid surfaces, which remains essentially elusive. Combinatorial chemistry has already demonstrated its power in revealing property-driven best-suited molecules 4 , materials 5 or biomolecules 6 with no a priori knowledge of interaction mechanisms between the constituents and the environment in which the selection pressure is applied. Biomolecular display techniques are among the most advanced tools to date developed for such directed evolution approaches in biochemistry. Interestingly, peptides that bind tightly and specifically to solid surfaces such as metals, semi-conductors, magnetic metal oxides, conductive polymers and carbon nanotubes have been identified by in vitro phage-display screening of libraries containing typically 10 9 distinct, linear 9-12 aminoacid peptides [7] [8] [9] . Thereby, a better description of interactions between these peptides and their inorganic target surfaces is emerging through combined AFM, NMR and peptide sequence analysis [10] [11] [12] [13] . Remarkable advances in the affinity chemistry of biomolecule for solid interfaces have led to the programmed self-assembly of new materials based on phage bearing these peptides and their inorganic targets 14, 15 . To overcome intrinsic limitations of peptides, in particular the lack of a well-defined 3D structure, antibodies have been proposed as stronger and more stable binders 16 . Therapeutic or cell-biological applications of antibodies rely on libraries of 10 9 recombinant antibody clones, that mimic human antibody repertoires, and which are typically screened by phage display for isolating the few antibody interactants binding to the chosen bio-molecular targets 6 . Such libraries have also been screened against inorganic solid surfaces, such as metals (Au) 17 and semi-conductors (GaAs) 16 . These screens yield highly specific, versatile antibody binders of these inorganic crystalline solid surfaces, thus confirming the validity of the antibody-based combinatorial approach. Anti-Au antibodies do not bind other tested bare metal surfaces (Pt, Pd, Ag), and can be engineered to functionalize gold surfaces 17 .
Anti-GaAs antibodies bind specifically to [111A] crystal facets and not to [100] facets 16 . While these seminal works highlight the potential of antibody-based nanomaterials engineering, they remain isolated cases, which makes it difficult to infer a more generic rationale.
In this work, a library of 3 x 10 8 distinct antibody clones was screened against bare gold surfaces of micron-sized particles and yielded a collection of more than 20 gold-binding antibodies. We shed a new light on the interactions between anti-Au antibodies and gold surfaces by comparing their sequences to those of antibodies isolated against a polymer target or to the sequence of antibodies randomly picked from the same initial library. Furthermore, we exploit the specific binding affinity of the selected anti-Au antibodies to decorate the bare gold surface of large crystalline gold nanoprisms with sub-5-nm Au nanoparticles tethered to the anti-Au antibodies. Atomic Force Microscope (AFM) and Transmission Electron Microscopy (TEM)
imaging reveals the binding of the 5-nm Au nanoparticle across the entire prism edges and surface. We corroborate these findings by performing similar experiments with PVP-coated Au nanoprisms and a different anti-PVP antibody recently identified 18 that was conjugated to the small Au nanoparticles. The effective selective binding affinity of these antibodies even after grafting onto the nanoparticle surface is an important milestone towards protein-driven programmable self-assembly of functional nanomaterials such as plasmonic nanocrystals 19 .
Green Dyadic simulations indeed show that the surface plasmon local density of states (SP-LDOS) of the Au nanoprism resonators is significantly modified by the presence of assembled nanoparticles on the nanoprism surface.
Results and Discussion
The anti-Au antibodies with other inorganic solid surfaces (Fig. 2b) . Thirdly, antibodies isolated from the same library, therefore sharing the same framework, but selected against PVP 18 do not bind to gold particles ( Noteworthy, amino-acids at random positions of the Tomlinson J library are NNK-encoded 22 , which results in a bias for Arg residues (9%) with respect to most other amino-acids (3% for tyrosine, for example) 23 . This bias was, in part, compensated by using the I+J library that Importantly, such thiolated residues are eliminated by our method due to the oxidizing conditions during antibody secretion by bacteria (see Experimental Section). In the case of β-sheet structures, time-lapsed simulations show that arginine residues play a crucial role in the initial contact with gold surfaces through interactions via their side chain 26 .
Experimentally, arginine has been identified as a recurrent residue in the sequences of peptides that show strong affinity for gold surfaces. For example, arginine is the 3 rd most represented amino-acid in gold-binding cyclic peptides isolated by bacterial cell-display. 11 Arginine also contributes to the decapeptide secreted by the bacterium D. acetovorans to precipitate Au nanoparticles as part of a protection mechanism against gold poisoning 27 . Interestingly, arginine does not appear in unstructured linear peptides isolated by phage-display against bare gold surfaces 28,29 . It is therefore possible that the interaction of arginine with gold surface may critically depend on the chemical or conformational context of a well-defined folded protein or constrained oligopeptides, while the ubiquitous cysteine and methionine affinity for gold rely primarily on the sulfur-gold iono-covalent bond formation.
Antibody-mediated interaction can be exploited to design complex self-assembly schemes in which surface affinity drives the construction of functional nanomaterials. To illustrate this bio-inspired self-assembly strategy, Au nanoparticles are derivatized with anti-Au antibodies, the gold affinity of which is subsequently used to drive the nanoparticle assembly predominantly onto the basal [111] facets of crystalline Au prisms (Fig. 4) . First, the anti-Au antibodies that comprise a hexahistidine tag are coupled to 5-nm Ni-NTA-NanoGold at an equimolar ratio, using a standard protocol (See Experimental Section). PVP-coated Au nanoprisms synthesized as previously reported 30 are scattered on a clean glass substrate.
Repeated oxygen plasma cycles are performed in order to remove the PVP capping layer while preserving the crystalline facets of the prisms (Figs. 4a-b ). The cleaned prisms are then immediately incubated with a solution of antibody-conjugated Au nanoparticles followed by extensive rinsing with deionized water and blow dried (Fig. 4d) . Atomic Force Microscopy (AFM) images of the resulting NanoGold-decorated Au nanoprisms show that the initially smooth prism surface, displayed in Figure 4b , is constellated with numerous protrusions of uniform height comprised between 3 and 5 nm ( Fig. 4e and inset) . Notably, very few nanoparticles are found on the silica substrate near the nanoprism, thus indicating that the antibody-functionalized NanoGold has a specific affinity for gold surfaces that results in an interaction strong enough to withstand the thorough rinsing step. Moreover, since the native surface of the prisms is coated with PVP, we could compare the affinity of anti-PVP and anti-Au antibodies for as-synthesized PVP-coated and plasma-cleaned Au nanoprisms. Hence, our
protocol is directly applied to Au nanoprisms deposited onto a glass substrate but without performing the O 2 plasma step. The prisms are exposed to NanoGold functionalized with an anti-PVP antibody through a histidine / Ni-NTA coupling (Fig. 4d) . Indeed the close packing of small metallic colloids modifies their starting plasmonic properties such as the emergence of long range coupled modes 31, 32 . The Au nanoprisms shown in Figure 4 act as plasmonic resonators sustaining specific higher-order surface plasmon (SP) modes in the visible to infrared range. In particular, the experimental monitoring and the numerical simulations of the surface plasmon local density of states (SP-LDOS) in isolated and coupled nanoprisms reveal that these modes can be spectrally and spatially tuned by shape and size control 33 or by interparticle coupling 30 . Our numeric tool mainly based on the Green dyadic method (GDM) computes accurately the local electromagnetic properties, including SP-LDOS, of 3D metal architectures with complex geometries lying or not on a substrate 19 . We have applied this technique to observe how the presence of additional gold nanoparticles perturb the initial SP-LDOS map of Au nanoprisms as shown in Figure 5 for one particular SP mode of a triangular nanoprism of 700 nm edge length. In the absence of nanoparticles, the spatial distribution of the SP mode centered at 683 nm is strongly concentrated at the center of the prisms with peripheral features along the edges (Figs. 5a-b) . Upon random adsorption of a few nanoparticles on the top basal surface (Fig. 5c-d) , the SP-LDOS is redistributed with a marked attenuation of the central feature and a concomitant reinforcement of the edge features. Figures 5e and 5f display the SP-LDOS differences and clearly evidence the significant reshaping of the SP modal structure of the initial Au nanoprisms, in spite of the comparatively small diameter of the nanoparticles. The underlying mechanism of this self-assembly-driven SP-LDOS redistribution can be ascribed to spectral detuning of the mode or an alteration of its quality factor in the modified structure.
As a conclusion, the results of our work are threefold. First, we have demonstrated that antibody proteins with affinity for inorganic surfaces can be selected from random libraries without any a priori knowledge on the interaction mechanisms between proteins and the targeted solid surface.
We confirm that the chemical diversity of current synthetic antibody repertoires is sufficient to obtain strong binders of non-biological targets, the specificity of which matches the one typically encountered in biomolecular antibody/antigen interactions 34 . Even though the intimate interactions between proteins and inorganic solid surfaces are far from being understood in general, our results provide some new insights. Our comprehensive statistical sequence analysis of the selected anti-Au antibodies shows that arginine residues are strongly selected throughout CDR regions where they probably play a major role in the specific gold surface chemisorption.
Second, the selected anti-Au and anti-PVP antibodies could be mass-produced and tethered to functionalized Au nanoparticles through their histidine tag without losing their anti-Au or anti-PVP activity. Using both antibodies, we were able to demonstrate the protein-driven selfassembly of gold nanoparticle-nanoprisms superstructures. Finally, we showed that such assembly results in a sizeable modification of the plasmonic properties of the starting Au nanoprisms. Our approach opens the way to colloid-based sensing design opportunities and to the reversible tailoring of the optical response of plasmonic information processing devices based on crystalline metallic nanostructures.
Materials and Methods
Phage display. The Tomlinson I+J library ( 22 ) was provided by Source Bioscience and screened against gold powder (purchased from SIGMA) according to the accompanying protocol (http://lifesciences.sourcebioscience.com/media/143421/tomlinsonij.pdf) and to our own protocols 35 . 10 12 to 10 13 phages were prepared by superinfection with helper M13 KO7 phage (GE Healthcare) of exponentially growing TG1 E. coli in 2xTY medium, followed by overnight growth at 30°C, PEG (30% w/v)/NaCl (1. 
ELISA binding assay.
A volume of 100 µL of culture medium containing secreted antibodies (or only 2xTY medium for negative controls) was incubated for 1 h at room temperature in 1.5 mL polypropylene tubes (that had been blocked with 1 mL PBS + 0.1% Tween20 + 2%
Milk) with or without 1 mg target (Au, Ag, Cu or ZnS powders, Sigma-Aldrich). After 10 s centrifugation on a bench-top centrifuge, the culture medium was discarded and the tube, containing or not the powder target, was rinsed for 15 s in PBS + 0.1% Tween20. Next, a volume of 100 µL of anti-His6 antibody (HIS-1, SIGMA) diluted at 1/1000 in PBS + 0.1% Tween20 + 2% Milk was incubated for 1 h. After rinsing again the tube with PBS + 0.1% Tween20, 100 µL of HRP-conjugated secondary antibodies diluted at 1/3000 in PBS + 0.1% Tween20 + 2% Milk was incubated for 1 h. After rinsing, the ELISA was developed using tetramethylbenzidine (TMB, Sigma-Aldrich). All tests were carried out in duplicate on two separate occasions, and were fully reproducible. Importantly, we noticed that many anti-Au antibodies bind weakly to polystyrene, which precluded the use of polystyrene plates or tubes during binding assay experiments. Previously described polystyrene-binding peptides contain arginine residues, as our anti-Au antibodies do, which may explain our observation.
Sequencing and antibody sequence analysis. Phagemid DNA of anti-Au antibody clones, randomly picked antibody clones and anti-PVP antibody clones was purified with miniprep kits from Macherey-Nagel. Sequencing was done at GATC Biotech using the pHEN-SEQ primer, and DNA sequences were translated into amino-acid sequences using TransSeq from EMBOSS.
We observed many amber codons (TAG) in the sequences of anti-Au antibodies, all located in the V H -CDR2 regions. These are suppressed and translated as glutamic acid by TG1 E. coli (supE genotype) used in our study for phage-display and antibody expression. Amber codons were accordingly translated as glutamic acid. Amino-acid sequences were aligned using the ClustalW 2.1 web-based algorithm (www.ebi.ac.uk/Tools/msa/). Sequence logo was performed using the weblogo (v. 2.8.2) web-based application (http://weblogo.berkeley.edu/logo.cgi).
Statistical tests were performed with R software (www.r-project.org/). Self-assembly of Nanogold onto crystalline gold nanoprisms. PVP-coated Au nanoprisms were produced as described elsewhere 30 .A 10 µL droplet of nanoprisms suspension is dropcasted onto a clean oxidized (100 nm SiO2) silicon wafer chip and left to dry. For anti-PVP antibody conjugation, the nanoprisms samples are used as such. In order to expose the crystalline gold surface for anti-Au antibody conjugation, substrates with PVP-coated nanoprisms are placed in a O 2 plasma cleaner for several 3-minute cycles just before self-assembly 30 .
Coupling of anti-
For both anti-PVP and anti-Au antibodies, 10-20 mL of antibody-bearing nanogold solutions (0.01 mM) were added on top of the exposed gold surface of gold nanoprism and incubated for 1 hour at room temperature. The excess liquid was carefully wicked away with filter paper. The substrate was thoroughly rinsed several times with phosphate buffer, deionized water and finally dried using nitrogen gas. The samples were analyzed by AFM (Bruker DI 3000) used in Tapping
Mode.
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